Context. Planetesimal formation stage represents a major gap in our understanding of the planet formation process. The late-stage planet accretion models typically make arbitrary assumptions about planetesimals and pebbles distribution while the dust evolution models predict that planetesimal formation is only possible at some orbital distances. Aims. We want to test the importance of water snow line for triggering formation of the first planetesimals during the gas-rich phase of protoplanetary disk, when cores of giant planets have to form. Methods. We connect prescriptions for gas disk evolution, dust growth and fragmentation, water ice evaporation and recondensation, as well as transport of both solids and water vapor, and planetesimal formation via streaming instability into a single, one-dimensional model for protoplanetary disk evolution. Results. We find that processes taking place around the snow line facilitate planetesimal formation in two ways. First, due to the change of sticking properties between wet and dry aggregates, there is a "traffic jam" inside of the snow line that slows down the fall of solids onto the star. Second, ice evaporation and outward diffusion of water followed by its recondensation increases the abundance of icy pebbles that trigger planetesimal formation via streaming instability just outside of the snow line. Conclusions. Planetesimal formation is hindered by growth barriers and radial drift and thus requires particular conditions to take place. Snow line is a favorable location where planetesimal formation is possible for a wide range of conditions, but still not in every protoplanetary disk model. This process is particularly promoted in large, cool disks with low intrinsic turbulence and increased initial dust-to-gas ratio.
Introduction
Our understanding of planet formation is severely limited by the fact that we cannot explain the connection between its early and late stages. As a consequence, models that deal with the latestage planet accretion, when a planetary embryo grows to its final size and structure, typically use the same input for the radial distribution of gas and solids as the early-stage models dealing with dust growth and planetesimal formation. However, the latter models show that growing large bodies is not easy. This is because of the growth barriers: the dust growth is inhibited at centimeter sizes and some particular conditions are needed for the formation of larger, gravitationally bound planetesimals and planetary embryos.
Probably the most widely accepted planetesimal formation scenario at the moment is the streaming instability (Youdin & Goodman 2005; Johansen et al. 2007 ). For sufficiently large pebbles and increased metallicity (Bai & Stone 2010; Drażkowska & Dullemond 2014; Carrera et al. 2015) , streaming instability leads to formation of dense filaments that become gravitationally unstable and collapse to planetesimals. This scenario allows us to bypass the growth barriers and form gravitationally bound object directly from pebbles.
The streaming instability is typically simulated in local boxes due to the high computational cost of hydrodynamical simulations (Johansen et al. 2011; Kowalik et al. 2013; Simon et al. 2016) . Thus, the initial conditions are already set up in a way that streaming instability occurs. However these conditions do not necessarily happen in a realistic disk that starts its evolution with dust-to-gas ratio on the order of 1%, which gets depleted because of removal of solids by the radial drift (Birnstiel et al. 2010; Hughes & Armitage 2012; Krijt et al. 2016b) . Pebble pile-ups may be necessary to allow for planet formation in the gas-rich phase of protoplanetary disk (Drażkowska et al. 2016; Gonzalez et al. 2017) , while disk dispersal via photoevaporation may allow for late planetesimal formation (Carrera et al. 2017) . Both processes may be needed to explain the existence of different planet types and debris belts, for instance in the Solar System. In this paper, we focus on the former mechanism, with the aim of triggering planetesimal formation early in the evolution of gas disk in order to allow sufficient time for the formation of gas-rich planets.
The great dichotomy of the Solar System used to be commonly attributed to the jump change of condition around the snow line (Stevenson & Lunine 1988; Wuchterl et al. 2000; Morbidelli et al. 2015) , with water ice greatly enhancing the abundance of solids outside of this point. Such a rapid change of conditions may contribute to a pressure bump build-up that would halt the radial drift of solids thus facilitating planet formation (Kretke & Lin 2007; Brauer et al. 2008; Drażkowska et al. 2013) . It was also proposed that the icy dust aggregates can pileup (Cuzzi & Zahnle 2004) or even significantly grow thanks to water vapor recondensation at the snow line (Ros & Johansen Article number, page 1 of 11
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A&A proofs: manuscript no. snowline Wang 2015) . Laboratory and numerical experiments dealing with collisional properties of dust aggregates concluded that the icy aggregates are significantly more sticky than silicate grains (Wada et al. 2011; Gundlach et al. 2011 ) and can thus grow to larger sizes before they fragment, or even grow directly to planetesimal sizes if they are sufficiently porous (Okuzumi et al. 2012; Kataoka et al. 2013) .
In this paper, we analyze how the presence of the snow line could trigger formation of the first gravitationally bound planetesimals at the very beginning of planet formation. We start our simulations with a smooth protoplanetary disk and let it evolve taking into account dust growth to pebbles, their drift and fragmentation, as well as ice evaporation and recondensation. In order to demonstrate the universality of our findings, we test our scenario in three different protoplanetary disk models. We conclude that the water component has an immense effect on the growth and redistribution of solids and leads to a pile-up of icy pebbles and planetesimal formation via streaming instability just outside of the snow line. Significant contribution to this pile-up comes from the change of sticking properties between icy and dry aggregates, an effect that was previously included in some of the models (Birnstiel et al. 2010; Banzatti et al. 2015; Estrada et al. 2016; Cridland et al. 2017) but not discussed directly in the context of planetesimal formation.
This paper is organized as follows. We describe our numerical modeling approach and typical initial conditions in Sect. 2 and present typical results and their dependence on input parameters in Sect. 3. We discuss the differences between our work and other published results as well as the implications of our findings in Sect. 4, and finally summarize our work in Sect. 5.
Model
We implement one-dimensional protoplanetary disk model where we follow the radial distribution of solids and formation of planetesimals over one million years. We focus on the gasrich phase of protoplanetary disk, before photoevaporation is efficient, thus we either include only viscous evolution or implement a static gas disk. The initial dust grains size is 1 µm at every orbital distance. We assume that the dust may be composed of water ice and silicates, and that the initial ice mass fraction outside of the snow line is 50%. At the beginning of each simulation, the ice and water vapor are distributed across the disk such that the vertically integrated water-to-gas ratio is uniform and equal to 0.5 of the total metallicity. Solid ice is only present outside of the snow line, and water vapor is present inside of the snow line. The refractory dust component is present both outside and inside of the snow line. We follow dust growth to pebbles, fragmentation, and radial drift as well as ice evaporation and recondensation of water vapor.
Solids and water vapor evolution is governed by their interactions with the sub-Keplerian, turbulent gas. We treat the gas disk as a background for solids evolution and plug-in different gas disk models, as described in the following section.
Gas disk models
To test versatility of the planetesimal formation scenario discussed in this paper, we will use three different protoplanetary disk models. All of them have total gas mass of 0.1 M within 100 AU distance to the central star of M = 1 M . Their other properties are described in subsequent paragraphs. Comparison of the basic properties of these disks: surface density, tempera- Comparison of the initial conditions for our protoplanetary disk models: the power-law disk (black), the non-irradiated disk (blue), and the irradiated disk (red). The panels show, from top to bottom, gas surface density Σ gas , temperature T , and the difference between gas and Keplerian rotation, which is equal to the maximum drift speed of dust pebbles ηv K . Each of the disks has the total mass of 0.1 M .
ture, and deviation from the Keplerian rotation, is displayed in Fig. 1 .
Power-law disk
Very simple protoplanetary disk models are commonly used in planet formation research. Here, we adopt one of them, with gas surface density profile set as the straightforward function of the distance to the central star r
and temperature profile is fixed to
For simplicity, as the model is already basic, we keep this disk static, however we include effects of gas accretion velocity v g when calculating radial drift of solids. This velocity is estimated as
where turbulent gas diffusivity is equal to gas viscosity
which is calculated based on the standard α-accretion model (Shakura & Sunyaev 1973) with α v being the dimensionless parameter describing the efficiency of angular momentum transfer. We typically use α v = 10 −3 in this paper. The Ω K is the Keplerian orbital frequency and the gas sound speed c s is calculated as
where k B is the Boltzmann constant and µ is the mean molecular weight of gas. When calculating µ, we include the contribution of water vapor:
which increases the molecular weight and thus decreases the sound speed in the inner part of the protoplanetary disk. We take µ g = 2.34 m p and µ H 2 O = 18 m p , with m p denoting the proton mass. The effect of variable µ is visible in the bottom panel of Fig. 1 as a small jump of the maximum drift speed (equal to the difference between the gas and Keplerian rotation) around the snow line location. The maximum radial drift speed is roughly constant in the power-law disk model, with ηv K ≈ 40 m s −1 .
Non-irradiated disk
We compare the simple static power-law disk model to a more complex, viscously evolving circumstellar disk model described in Alibert et al. (2005 Alibert et al. ( , 2013 , which was also used in our previous work presented in Drażkowska et al. (2016) . In this model, the vertical structure of the disk is first computed for every distance to the star by solving the hydrostatic equation, the energy conservation equation, and the radiative diffusion equation (energy is assumed to be transported by radiation). The solution of the vertical structure equations gives the thermodynamical quantities (temperature, pressure, density, but also disk scale height) as a function of the gas surface density. The same calculation also gives the vertically averaged viscosity, which is again computed in the framework of the α formalism. We finally solve the diffusion equation, the viscosity being the one derived from the vertical structure calculation, in order to compute the time evolution of the gas surface density. As can be seen in the middle panel of Fig. 1 , this disk is very cold in its outer part, as the temperature drops down to 10 K outside of 10 AU. Inside of the 10 AU, the temperature profile is steeper than the one implemented in the power-law disk and reaches over 1000 K at the inner edge of the disk. This steeper temperature profile leads to a flatter surface density in the inner part of the disk, while it is very similar to the power-law disk in the outer part. In the inner part of the disk, where the temperature profile is steep, the maximum radial drift speed is higher than for the power-law disk, but it drops in the outer disk, forming a wide minimum around 10 AU (see the bottom panel of Fig. 1 ).
Irradiated disk
To test the effect of stellar irradiation, we implement a simple analytical model proposed by Bitsch et al. (2015) (B15 in the following), which was designed to fit 2-D radiative hydrodynamic simulations of protoplanetary disks. In this model the disk evolves with time and the accretion rateṀ decreases as follows (Hartmann et al. 1998) log Ṁ M /yr = −8.00 − 1.40 · log t + 10 5 yr 10 6 yr (7) where t is the evolution time andṀ is related to the viscosity and the gas surface density Σ g viȧ
where H g the scale height of the disk, and Ω K the Keplerian frequency. In this disk model, we use α v = 0.0054 following B15. We note that α v is only used in B15 as a heating parameter and not to evolve the disk viscously as it is in the case of the nonirradiated disk model. For a givenṀ, all quantities of the disk can be derived, except for the temperature profile. In order to compute the latter, we use the formulas presented in Appendix A of B15. Once the temperature is determined, it can be linked to the disk aspect ratio via
where G is the gravitational constant, r the location in the disk, R is the gas constant and µ is the mean molecular weight.
As can be seen in Fig. 1 , the temperature in this disk is significantly higher than in the non-irradiated disk, particularly in its outer part, thus the surface density flattening is also more pronounced. Also, the maximum drift speed is higher than in the non-irradiated disk, but still lower than the power-law disk in the outer parts.
Evolution of solids
We follow the solids surface density Σ d evolution by solving the advection-diffusion equation
wherev is the mass weighed average radial velocity of solids, which encompasses information about their size. Dust aggregates sizes are modeled using method based on the two-population algorithm proposed by Birnstiel et al. (2012) . The logic behind this algorithm is to reduce computational intensity by not solving for the dust coagulation directly but rather predict its outcome based on more complete models. Thus, the dust size distribution is set in each radial grid cell depending on the dominating process: coagulation-fragmentation equilibrium or radial drift. We waive the description of further details of this model as they are thoroughly outlined in the original work as well as in our previous paper (Drażkowska et al. 2016) . Importantly, the outcome of this algorithm is the size, or Stokes number, distribution at every radial distance. The Stokes number informs us about the interaction between the solids grain and gas, and is connected to the grain size a:
where ρ • is the aggregate internal density. Eq. (11) is derived under an assumption that the solids are in the Epstein drag regime, which means that their sizes do not exceed the mean free path in the gas, which is true for all our models. The internal density of aggregates is calculated based on their composition:
where m sil and m ice are mass of silicate and mass of ice contained within the aggregate. A pure water ice aggregate would have ρ •,ice = 1 g cm −3 and a silicate aggregate ρ •,sil = 3 g cm −3 . When calculating the advection speed of solidsv, we take into account both radial drift caused by the interaction with the sub-Keplerian gas and by gas accretion flow:
where ηv K is the maximum radial drift speed driven by the radial gas pressure gradient:
where v K is the Keplerian velocity of gas and P is pressure calculated taking into account contributions both from nebular hydrogen and helium gas and water vapor.St is the mass weighted average Stokes number of solids at given radial distance, which is calculated from the size distribution returned by the abovementioned algorithm. The gas accretion velocity v g is calculated as in Eq. (3). We take into account the collective drift effect, which means that the drift velocity decreases as the solids-togas ratio increases. As most of the pebbles are settled to the midplane, we implement the midplane solids-to-gas ratio = ρ d /ρ g in Eq. (13). This equation is equivalent to the one used by Ida & Guillot (2016) and Schoonenberg & Ormel (2017) .
Fragmentation threshold
Evolution of solids is dominated by the radial drift and by fragmentation that may stop the growth as the impact speeds increase with the Stokes number of grains (for St < 1). The maximum aggregate size that can be obtained before fragmentation kicks in is sensitively dependent on the fragmentation threshold velocity v f (see Birnstiel et al. 2012 ):
so the choice of v f value is in fact very important to the model outcome. α t is the midplane turbulence strength parameter that regulates impact speeds of pebbles and their settling. We purposely distinguish α t from α v , the efficiency of angular momentum transport via turbulent viscosity that is used in the gas disk models. This is motivated by the fact that in many recent protoplanetary disk models the angular momentum transfer is not necessarily driven by turbulence anymore, and even if it is, a quiescent midplane layer is often formed (Dzyurkevich et al. 2013; Turner et al. 2014; Bai 2016) . In most of our runs we assume α t = 10 −3 , but we discuss the impact of this value in Sect. 3.3.1. Laboratory experiments estimated threshold velocities of around 1 m s −1 for the onset of fragmentation of silicate dust aggregates (see e.g. Güttler et al. 2010) . It is commonly accepted that aggregates containing water ice fragment at higher velocities, as their surface energies are about 10 times higher than those of silicates (Wada et al. 2011; Gundlach et al. 2011; Aumatell & Wurm 2014; Gundlach & Blum 2015) . Thus, we set the fragmentation threshold velocity according to aggregates composition. For dry aggregates we set v f,in = 1 m s −1 and for aggregates containing more than 1% of water ice v f,out = 10 m s −1 . This threshold amount of ice above which we consider our aggregates to be more sticky is arbitrary, but we tested that the exact value does not make much difference to the results of our models as the ice-to-dust ratio drops very rapidly across the snow line.
Evaporation and recondensation
We take water ice evaporation and recondensation of water vapor into account following the treatment proposed by Ciesla & Cuzzi (2006) . We trace the transport of solid ice that is incorporated into aggregates and thus migrates through the disk much faster than the gas, and the water vapor that moves at the same speed as the gas. To follow the evolution of water vapor surface density Σ vap , we solve the following transport equation:
where v g is the gas velocity. Eq. (16) is analogous to Eq. (10) used to follow the transport of solids. We assume that all the dust grains at a given orbital distance (i.e. in a given radial bin) have the same composition (i.e. ice mass ratio), which means that water is added to and removed from the dust with constant dm/m during recondensation and evaporation. This is consistent with instantaneous redistribution of ice component because of coagulation and fragmentation, which happens when the collisional timescale
(see Birnstiel et al. 2012 ) is shorter than the radial drift timescale
In our runs, this is indeed true around the snow line, where nominal timescales are τ growth ≈ 10 3 years and τ drift ≈ 10 4 years. When the pebble pile-up is formed around the snow line, the vertically integrated dust-to-gas ratio Z increases making the growth timescale even shorter, and the radial drift speed v r,d decreases (because of the collective drift effect) making the drift timescale even longer.
At every timestep, we calculate the equilibrium pressure, which is given by the Clausius-Clapeyron equation:
where the constants P eq,0 = 1.14 · 10 13 g cm −1 s −2 and A = 6062 K are taken from Lichtenegger & Komle (1991) . We compare the value of P eq to the water vapor pressure
where Σ vap is the water vapor surface density and H g = c s /Ω K is the gas scale-height. If P vap < P eq , evaporation takes place and the surface density of ice decreases by
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which essentially means that all the excess vapor is added to the solid phase, such that the vapor pressure drops to the equilibrium pressure. The surface density added to the ice is subsequently removed from the vapor supply.
In the original work of Ciesla & Cuzzi (2006) there was a distinction between populations of dust and migrators (pebbles). Evaporation was considered to happen both from dust and migrators, while condensation was only happening on dust, thus it is assumed to be instantaneous. In our model, we do not explicitly make this distinction between dust and pebbles, but we assume that there is a continuous size distribution in every radial cell, which around the snow line is set by coagulationfragmentation equilibrium. However, we do not model the evaporation and condensation on every size bin but take into account the surface-weighted average sizeā. Condensation on grains larger than micron-sized should take some time because they have smaller surface area available. In reality however, vapor is mostly condensing on the smallest grains that have the most surface area available (see e.g. Stammler et al. 2017) . Since the snow line region is in the fragmentation dominated regime (see Fig. 4 ), the small grains should be constantly replenished, so we keep the assumption of instantaneous recondensation. In practice, the same assumption might have been made for evaporation, as it is very fast (a centimeter sized pebble crossing the snow line would lose its ice content within τ evap ≈ 1 year) in all of the runs presented in this paper.
Planetesimal formation via streaming instability
With our one-dimensional model, we cannot resolve streaming instability that would locally condense pebbles into dense filaments, which would then gradually collapse to form planetesimals. To include the possibility of planetesimal formation via this process, we use the same approach as we did in Drażkowska et al. (2016) . At every time-step and in every radial bin, we check if the midplane density of pebbles exceeds unity. With the turbulence level parameter α t ≥ 10 −4 that we use in this paper, this condition is always stronger than the critical metallicity conditions proposed for laminar disk by Drażkowska & Dullemond (2014) and Carrera et al. (2015) (recently Carrera et al. (2017) arrived at the same conclusion).
If the criterion for planetesimal formation via streaming instability is fulfilled, namely ρ d (St > 10 −2 )/ρ g > 1, part of the surface density of pebbles is transferred to planetesimals:
with the efficiency of ζ = 10 −3 , that is motivated by numerical models presented by Simon et al. (2016) and for which Drażkowska et al. (2016) found convergence of the amount of planetesimal formed, i.e. the amount of planetesimal would not change significantly for higher ζ values.
Model assumptions
Our algorithm is limited by several assumptions, which we list here for clarity.
-We consider one-dimensional, locally isothermal disk models and focus on the evolution of their midplane, where pebbles and planetesimals reside. Thus, we only consider the radial snow line and neglect effects associated with the atmospheric snow line. -Grain sizes are set by either the coagulation-fragmentation or the growth-drift equilibrium. We do not consider the impact of evaporation and condensation on aggregate sizes. This is equivalent with assuming that the ice added during recondensation is quickly redistributed by coagulation and fragmentation. Any aggregates that would increase their size over the maximum are immediately fragmented or removed by radial drift. -During one time-step and at a given orbital distance, all the aggregates are either in evaporation or in condensation mode. We do not consider grain curvature effects that could switch between those effects from grain to grain. -We treat all grains as compact spheres and neglect effects of porosity. -We assume that vertical structure of solids is always in equilibrium between settling and turbulent mixing, which leads to the dust scale-height derived by Dubrulle et al. (1995) 
and that the water vapor is instantly mixed up to gas scaleheight H g , even though it is released by pebbles with Krijt et al. (2016a) showed that the Eq. (24) breaks at high dust-to-gas ratios, when the collisional evolution is faster than the vertical redistribution. -We assume that minimum pebble size necessary to trigger planetesimal formation via streaming instability corresponds to St = 10 −2 following Bai & Stone (2010) and Drażkowska & Dullemond (2014) . More recently, Carrera et al. (2015) and Yang et al. (2016) suggested that streaming instability is also possible for smaller grains, albeit at higher metallicity. However, we find that for our assumed turbulence strength, the smaller grains do not settle the the midplane efficiently (see Eq. (24)), so their contribution to planetesimal formation would not be possible anyway in our models.
-The structure of our gas disks is independent on solids evolution. This looses validity for high dust-to-gas ratio, when Σ d ≈ Σ g , which happens when the pile-up forms in our models. Recently, Gonzalez et al. (2017) and Kanagawa et al. (2017) showed that including effects of dust backreaction on gas disk promotes formation and sustainability of dust pileups.
Results

Traffic jam inside and pebble pile-up outside of the snow line
The common outcome of all the runs, independently of the underlying gas disk model, is that the highest solids-to-gas ratios are obtained in the region directly outside of the snow line. A general pattern for formation of this snow line pile-up is explained in the Fig. 2 . The dust-to-gas ratio in the inner parts of the disk is enhanced because of the general pattern of dust transport by radial drift that shifts mass inwards. As explained by Birnstiel et al. (2012) , if the maximum size of dust grains is regulated by fragmentation, the surface density of solids becomes proportional to r −1.5 . As the gas surface density is shallower, this redistribution
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A&A proofs: manuscript no. snowline leads to depletion of the outer disk and increase of solids-to-gas ratio in the inner disk. As demonstrated by Drażkowska et al. (2016) , the magnitude of this increase may already be sufficient to trigger planetesimal formation at the inner edge of the disk at a timescale of ∼ 10 5 years. However, in the present work this picture is complicated by the difference in fragmentation speeds of aggregates outside and inside of the snow line.
Refractory aggregates fragment at lower impact velocities and thus reach sizes that are two orders of magnitude smaller than the icy aggregates (see Eq. (15) and Fig. 4) . As the drift velocity decreases with decreasing Stokes number, dust is retained in the inner disk causing sort of "traffic jam" effect. The dry dust aggregates inside of the snow line are small and well-coupled to the gas, so they undergo significant diffusion and do not form any local pile-up, unlike the icy pebbles outside of the snow line. The outward diffusion of water vapor and subsequent recondensation causes further increase in surface density of the icy pebbles just outside of the snow line. These pebbles are large enough to trigger streaming instability and form planetesimals. The exact location, extent, and mass of resulting planetesimal annulus depends on applied disk model, as discussed in Sect. 3.3. Fig. 3 . Panels show time evolution of surface density of gas, solids, planetesimals, water ice, and water vapor in the irradiated disk model with initial dust-to-gas ratio of Z = 0.03. In the bottom panel, surface density of solids in the classical minimum mass solar nebula model (MMSN) of Weidenschilling (1977) is displayed for reference. Corresponding animation is available at http://www.ics.uzh.ch/ joannad/snowline.mp4. Figure 3 shows the evolution of the gas and dust surface density, including ice and water vapor as well as the forming planetesimals in the irradiated disk model with initial dust-to-gas ratio of Z = 0.03, which we will refer to as the fiducial simulation later in the paper. As can be seen in the uppermost panel of Fig. 3 , presence of the solid ice increases the initial surface density in the outer part of the disk. The predominant effect shaping the evolution of solids is their redistribution driven by growth and radial drift, which shifts mass inwards causing depletion of the outer parts and solids-to-gas ratio increase in the inner parts of the disk. Initially, the evolution outside of the snow line is dominated by fragmentation of the icy aggregates and thus the dust surface density is evolving toward Σ d ∝ r −1.5 , as discussed in previous section. After 10 5 years of evolution, as the outer disk gets depleted, it becomes dominated by the radial drift and the surface density profile at the outer edge becomes more shallow again, as it evolves to Σ d ∝ r −0.75 (Birnstiel et al. 2012 ).
Fiducial simulation
This picture is complicated here by ice evaporation and recondensation and different sticking properties of wet and dry aggregates. Keeping the grains inside of the snow line small, slows down their removal and keeps the dust-to-gas ratio in the inner disk high. The surface density of dust inside of the snow line keeps the same profile as the gas surface density for most of the time, because the aggregates are so small that their evolution is dominated by gas viscosity rather than radial drift (see Fig. 4 ). Ice evaporation leads to a jump in the surface density at the snow line. Recondensation of water vapor additionally bumps pebblesto-gas ratio just outside of the snow line. The combined action of the the "traffic jam" inside and pile-up outside of the snow line, which spreads outwards thanks to the collective drift effect (as the drift velocity decreases with increasing solids-to-gas ratio, see Eq. (13)), leads to the conditions allowing for planetesimal formation via streaming instability.
The planetesimals start to appear after 2 · 10 5 years of evolution and their formation last for another ∼ 2 · 10 5 years. During this time, the snow line, which marks the inner edge of planetesimal formation region, moves inwards as the disk cools down. At the same time, the planetesimal formation region slightly spreads outwards because of the collective drift effect. About 20 M ⊕ of planetesimals are produced in this model. After 4 · 10 5 years, the inward flux of pebbles is not sufficient to supply the pile-up anymore and the surface density of solids quickly drops, terminating the planetesimal formation phase. Figure 4 shows pebble sizes obtained from our simplified growth and fragmentation treatment after 2 · 10 5 years of evolution (during the period of planetesimal formation) in our fiducial simulation. These effective sizes are very similar in other runs.
Pebble sizes
The dust growth follows pattern described by Birnstiel et al. (2012) and Drażkowska et al. (2016) , with the inner disk being dominated by fragmentation driven by turbulence and the outer disk being gradually depleted by the radial drift before the particles have time to grow to the fragmentation limit. The modification of fragmentation velocity described in Sect. 2.2.1 introduces the rapid change of pebble size around the snow line. The icy pebbles outside of the snow line grow to sizes of several centimeters, corresponding to Stokes numbers of St > 10 −2 , which allows for planetesimal formation. The dry aggregates inside of the snow line only grow to sub-millimeter sizes, corresponding to St < α v /2, which means that they are well-coupled to the gas and follow its viscous evolution, or are in so-called mixing regime, as discussed by Birnstiel et al. (2012) . Thus, these small grains drift at much lower speed than the icy pebbles, which contributes to enhancement of dust-to-gas ratio inside of the snow line and the retention of icy pebble pile-up outside of the snow line thanks to the outward diffusion of small grains. . Maximum pebble size (a max ) as a function of the radial distance after 2 · 10 5 years of evolution obtained in our fiducial run. In the outer part of the disk, this size is limited by the radial drift (a drift < a frag ), while in the inner part of the disk it is limited by fragmentation. Aggregates that are large enough to participate in planetesimal formation via streaming instability (St > 10 −2 , purple solid line) are only present outside of the snow line. Inside of the snow line, aggregates size corresponds to St < α v /2 (gray solid line), which means their transport is dominated by viscosity rather than radial drift. . Vertically integrated solids-to-gas ratio around the snow line after t = 10 4 yrs (dotted lines) and t = 10 5 yrs (solid lines) of evolution for our fiducial run (black lines) and analogous runs without the water recondensation (purple lines) and without the difference between sticking properties of wet and dry aggregates (gray lines).
Which is more important: traffic jam or recondensation?
An obvious question arises: which of the two processes facilitating planetesimal formation at the snow line is more important? To answer this dilemma, we performed additional models with setup identical as in the fiducial run, but with one of the mechanisms switched off. Fig. 5 compares solids-to-gas ratio around the snow line obtained in our fiducial run, the same run without recondensation of water vapor (but still including ice evaporation), and analogous run with fragmentation velocity for both wet and dry aggregates being equal to v f = 10 m s −1 , designed to get rid of the "traffic jam" effect inside of the snow line. Notes.
(a) P-L -power law, N-IRR -non-irradiated, IRR -irradiated, (b) in AU, (c) in Earth masses .
As can be seen in Fig. 5 , the difference between sticking properties of wet and dry aggregates is the dominant process facilitating formation of the solids-to-gas ratio enhancement at the snow line at every evolutionary stage of the disk. Switching the recondensation off decreases the amplitude of the solids-to-gas ratio enhancement at the snow line only by ∼ 20%. On the other hand, letting the dry aggregates grow to the same sizes as the icy pebbles leads to much more dramatic decrease of the solids-togas ratio in the bump. If the dry aggregates grow to pebble sizes, the solids-to-gas ratio falls more rapidly across the snow line and stays at lower levels inside of it. The surface density outside of the snow line reaches lower values and the pile-up vanishes more quickly in this case.
Planetesimal formation
Planetesimal formation is triggered in the pile-up arising outside of the snow line in many of the runs that we performed. Table 1 summarizes the information about mass and extent of the planetesimals annulus formed in models with different underlying gas parameters, initial dust-to-gas ratio, intrinsic turbulence level and disk extent. We notice that it is significantly easier to trigger planetesimal formation when the snow line is closer to the central star. The initial metallicity of Z = 0.01 is sufficient for planetesimal formation in the non-irradiated disk model, which is the coldest (see the middle panel of Fig. 1 ), while the powerlaw and the irradiated disks need at least Z = 0.02. This is because close-in pile-up formation is aided by the process de- scribed by Drażkowska et al. (2016) : the surface density of solids in the fragmentation dominated regime naturally evolves to Σ d ∝ r −3/2 , a profile steeper than the gas disk, which leads to additional enhancement of dust-to-gas ratio in the inner disk. The further away the border between fragmentation dominated and drift dominated regions (see Fig. 4 ) is, the stronger enhancement we obtain. The maximum enhancement formed by this process would fall at the inner edge of the disk (although it is diffused in our models because the small aggregates inside of the snow line falling into the mixing regime). For this reason, the annuli formed closer to the central star tend to be more massive.
The inner edge of the planetesimal formation zone depends primarily on the underlying disk model, and slightly changes with the assumed metallicity. This is because higher abundance of solids translates into higher flux of pebbles coming to the snow line, which deliver more water vapor and thus increase the vapor pressure that determines the snow line location (see Sect. 2.2.2). At the same time, the higher the initial metallicity, the wider planetesimal annulus we get. The broadening of planetesimal annulus with higher incoming pebble flux is caused by the collective drift effect. The radial drift slows down near the solids-to-gas ratio peak and the more pebbles are delivered to this region, the wider this peak becomes.
We stress that the collective drift effect is a critical component of our model without which obtaining the significant pileup and planetesimal formation is nearly impossible. Recently, Schoonenberg & Ormel (2017) arrived at the same conclusion.
Impact of the turbulence strength
All the models presented in this paper up to this point were performed assuming that the fragmentation and settling of solids is regulated by turbulence with α t = 10 −3 . However this value is rather vague, as it is very challenging to estimate the turbulence strength from the observational data. Recent estimates range from α t < 10 −3 for the outer parts of the disk around HD 163296 (Flaherty et al. 2015) to α t ≈ 10 −2 in the outer parts of the TW Hya disk (Teague et al. 2016) .
To test the impact of turbulence strength, we perform a suite of models where we vary the α t parameter value and keep all the other parameters constant. For this purpose, we use the setup with static, power-law disk and initial dust-to-gas ratio of Z = 0.03, and vary the α t between 10 −4 and 10 −2 . As can be seen in the upper panel of Fig. 6 , lower values of the α t parameters facilitate planetesimal formation. The lower the turbulence strength, the wider and more massive the resulting planetesimal annulus becomes. We find that no planetesimal formation is possible for α t significantly higher than our fiducial 10 −3 (see Table 1 ). This is because the higher α t value reduces size of pebbles that can grow (see Eq. (15)) and decreases the possibility of their settling (see Eq. (24)), both of the factors counteract the possibility of obtaining conditions necessary to trigger the streaming instability, namely the minimum size of pebbles corresponding to St = 10 −2 and the midplane pebbles-to-gas ratio exceeding unity (see Sect. 2.2.3).
Impact of the initial disk size
The initial size of protoplanetary disk is rather uncertain. Observational constraints place the outer edge of the disk anywhere between 60 AU and several hundreds AU (Andrews et al. 2009 (Andrews et al. , 2010 . Thus, we decided to test the impact that initial disk extent has on the planetesimal formation.
The bottom panel of Fig. 6 shows the impact that initial distribution of material has. We used the power-law disk model with the initial dust-to-gas ratio of Z = 0.03 and turbulence strength of α t = 10 −3 again and tested how the results change when the extent of this disk is different from fiducial 100 AU (however keeping the total mass of the disk constant). The variation in the resulting planetesimal formation is not quite as pronounced as when varying the turbulence strength, but the larger the disk, the more massive and more extended the planetesimals annulus becomes. This is because larger disks provide long lasting supply of pebbles, as their growth takes longer at larger orbital distances. In other words, increasing the disk size (while keeping its mass unchanged) shifts more solid mass to its outer regions, and this reservoir can be then used to form more planetesimals. Figure 7 presents the time evolution of ice fraction of pebbles (gray line) and ice fraction of the resulting planetesimals (red line) for the irradiated disk model with initial metallicity of 0.03 (the same model as presented on Figs. 3 and 4) . The first panel is plotted at the beginning of planetesimal formation stage and the last panel corresponds to a time shortly after planetesimal formation is terminated. We assume that the composition of planetesimals reflects those of pebbles from which they are forming. We start all our models with dust outside of the snow line consisting of 50% water ice (dashed line). Evaporation removes the solid ice that is delivered to the inner disk by radial drift and turns it to vapor, part of which is able to diffuse outwards and recondense, moderately enhancing the ice content of dust aggregates just outside of the snow line. As explained in Sect. 3.2.2, the main cause for the pile-up of pebbles outside of the snow line is the "traffic jam" arising in the inner disk and not recondensation, which is reflected here in the low amplitude of the ice fraction enhancement. When planetesimal formation starts after about 1.7 · 10 5 years of evolution, the enhancement of pebbles ice fraction goes away completely. This is because the streaming instability turns the icy pebbles from outside of the snow line to planetesimals and thus hinders delivery of water to the evaporation region, and decreases the rate of recondensation. During the planetesimal formation phase, the snow line moves inwards as the disk evolves and thus the ice content of the final planetesimal population decreases more smoothly than those of pebbles, which are evaporating rather quickly. After the planetesimal formation is over (∼ 4·10 5 years of evolution), pebbles composition is set again by the interplay of evaporation and recondensation, causing the mild enhancement of ice fraction outside of the evaporation region. Armitage et al. (2016) presented similar idea where pebbles drift radially and pile-up to reach conditions required for planetesimal formation. However, they neglected dust growth and frag-mentation, assuming constant pebble size throughout the disk. In such a setup, the Stokes number increases with the radial distance (because the gas surface density drops, see Eq. (11)), making it easier to trigger planetesimal formation further away from the star. At the same time, the particles further away in the disk drift faster (because the radial drift speed depends on the Stokes number, not size, see Eq. (13)), which leads to a pile-up that is harder to generate when particle sizes are decided by fragmentation and radial drift. As derived by Birnstiel et al. (2012) , in the fragmentation-dominated regime the steady-state dust surface density is proportional to r −1.5 and in the radial drift regime to r −0.75 . Analogous derivation assuming constant dust size gives Σ ∝ r −2 , which facilitates obtaining high dust-to-gas ratio in the inner disk more than our models.
Pebbles and planetesimals composition
Discussion
Comparison to published work
Recently, Schoonenberg & Ormel (2017) performed local models focusing on the snow line region. They took into account the inflow of icy pebbles that would be formed in the outer disk and brought to the snow line region by radial drift and the outflow of water vapor carried with gas accretion. They found that water diffusion and recondensation enhances surface density of icy pebbles by a factor of 3-5 outside the snow line that is further increased if the evaporating pebbles release many small refractory "seeds" that help the pile-up thanks to the "traffic jam" effect and outward diffusion. With the models presented in this paper, although they are fundamentally different by construction, as Schoonenberg & Ormel (2017) focused on a local box and used particle approach, while in this paper we perform global disk models applying fluid approach to dust dynamics, we find very similar both qualitative and quantitative results. This is very encouraging and proving that a pile-up of pebbles outside the snow line is a robust mechanism that can trigger formation of the first, icy planetesimals.
On the other hand, another recent work by Ida & Guillot (2016) suggested different scenario of planetesimal formation, namely pile-up of dry dust grains released by the icy pebbles inside of the snow line. They find that for a sufficiently high flux of pebbles, the dust-to-gas ratio increases to a point when direct gravitational instability is possible. We do also find an increase in the solids-to-gas ratio inside of the snow line but it is not as significant. The main difference is that we assume that the small grains released from the icy pebbles quickly coagulate until they reach fragmentation limit at about millimeter sizes and that they are vertically mixed by the turbulence, while Ida & Guillot (2016) consider that the grains stay at micron sized and that their scale-height is equal to the scale-height of icy pebbles that released them.
Both Ida & Guillot (2016) and Schoonenberg & Ormel (2017) stressed the importance of sufficiently high pebble mass flux for the possibility of planetesimal formation. In their models, the pebble flux was a free parameter since they did not include dust growth to pebble sizes and their drift self-consistently. With our models, we can measure the pebble flux incoming to the snow line region. For the power-law disk model, which is similar to the models used in the quoted papers, we measure the ratio of pebble mass flux to the gas mass flux during the planetesimal formation stage on the order of 0.5, which Schoonenberg & Ormel (2017) also found sufficient for triggering planetesimal formation via streaming instability outside of the snow line.
Implications for planet formation
Our results suggest that formation of planetesimals is simpler in the direct vicinity of the water evaporation front. This could naturally explain the fast formation of Jupiter in the Solar System (Kruijer et al. 2017) . The surface density obtained in the planetesimal annulus in all of our runs is higher than predicted by the minimum mass solar nebula models (Weidenschilling 1977; Hayashi 1981) . Starting from a high mass concentration translates into faster growth of planetesimals to planetary embryos and the planetary cores. It is known that enhancement of about 10 times over the solids surface density corresponding to the minimum mass solar nebula is necessary to allow for Jupiter core formation before the gas disk dispersal (Pollack et al. 1996; Ikoma et al. 2000; Kobayashi et al. 2010) . The fast formation of a gas giant outside of the snow line could possibly halt the delivery of water to the inner part of planetary system . If such a barrier is not formed quickly, it may be problematic to explain the low water content of terrestrial planets in the Solar System (Sato et al. 2016) .
Our results, including the self-consistent surface densities and composition of planetesimals and pebbles, may be used as an input to models dealing with later stages of planet accretion, particularly discussing the pebble accretion process, when the planetary cores grow by accreting not only planetesimals, but also the leftover pebbles that were not incorporated during the planetesimal formation stage. The radial dependence of sizes and radial flux of pebbles that we can extract from our results are important parameters of the pebble accretion models (Ormel & Klahr 2010; Lambrechts & Johansen 2014; Levison et al. 2015; Visser & Ormel 2016) .
One prominent consequence of the planetesimal formation mechanism we discuss is that the first planetesimals are waterrich (see Fig. 7 ). As a consequence, planetary cores formed from these planetesimals would also be water-rich. For small mass planets (without a massive gas envelope), the presence of large amounts of water may be detrimental for habitability (see Alibert et al. (2013) ; Kitzmann et al. (2015) , see however Levi et al. (2017) for another view). Planetesimal formation mechanism we describe here could therefore imply that the majority of low mass planets are not habitable. However, the recent models show that low mass, short period planets detected by the Kepler mission should be water-poor (see e.g. Jin & Mordasini 2017) . In the framework of our planetesimal formation model, this imply that other mechanisms, facilitating efficient water loss from existing planetesimals or allowing the formation of dry planetesimals, are at work to prevent the accumulation of water on these short-period planets.
Summary
In this paper, we addressed the problem of connection between dust evolution and planetesimal formation, which is still one of the least certain aspects of the planet formation theory. As dust growth is hindered by collisional fragmentation and radial drift, continuous growth from micron to planetesimal sizes appears to be improbable. We propose that the first planetesimals form via streaming instability, in a pile-up of icy pebbles generated outside of the snow line.
The water snow line is a favorable location for planetesimal formation as large icy pebbles efficiently deliver water and embedded refractory material to the inner part of the disk. The water vapor is partially mixed outwards by diffusion and recondenses just outside of the snow line, locally enhancing the solids-to-gas ratio. At the same time, the less sticky, dry aggregates inside of the snow line drift at much lower speed, creating the "traffic jam" effect and helping to reach high dust concentration which is needed to form planetesimals in the streaming instability scenario.
A relatively compact annulus of icy planetesimal is a common result of our simulations, performed with three diverse protoplanetary disk models and different input parameters. The main condition we find for making this outcome feasible is that the turbulence strength cannot be too high: the corresponding α t parameter must stay equal to or below 10 −3 . Also, the further away the snow line is located, the higher disk metallicity is needed to allow for planetesimal formation.
On a more general level, this work as well as similar studies (Drażkowska et al. 2016; Carrera et al. 2017; Gonzalez et al. 2017) indicate that dust distribution during and after the planetesimal formation stage is very different from the commonly assumed power-laws, as significant redistribution of solids must take place before the conditions necessary for planetesimal formation happen. In particular, the solids-to-gas ratio is significantly increased at the location where planetesimals form, which should facilitate faster accretion of the final planets.
